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ABSTRACT
Following merger, a neutron star (NS) binary can produce roughly one of three different outcomes: (1) a
stable NS, (2) a black hole (BH), or (3) a supra-massive, rotationally-supported NS, which then collapses to
a BH following angular momentum losses. Which of these fates occur and in what proportion has important
implications for the electromagnetic transient associated with the mergers and the expected gravitational wave
signatures, which in turn depend on the high density equation of state (EOS). Here we combine relativistic
calculations of NS masses using realistic EOSs with Monte Carlo population synthesis based on the mass
distribution of NS binaries in our Galaxy to predict the distribution of fates expected. For many EOSs, a
significant fraction of the remnants are NSs or supra-massive NSs. This lends support to scenarios where a
quickly spinning, highly magnetized NS may be powering an electromagnetic transient. This also indicates
that it will be important for future gravitational wave (GW) observatories to focus on high frequencies to study
the post merger GW emission. Even in cases where individual GW events are too low in signal to noise to
study the post merger signature in detail, the statistics of how many mergers produce NSs versus BHs can
be compared with our work to constrain the EOS. To match short gamma-ray burst (SGRB) X-ray afterglow
statistics, we find that the stiffest EOSs are ruled out. Furthermore, many popular EOSs require ∼ 60 − 70%
of SGRBs to be from NS-BH mergers rather than just binary NSs.
Subject headings: gamma-ray burst: general — gravitational waves — stars: magnetars — stars: neutron
1. INTRODUCTION
The collection of binary neutron stars (NSs) in our Galaxy
demonstrate that these binaries are sufficiently compact to
merge on astrophysically-relevant timescales (see the sum-
mary in Martinez et al. 2015, and references therein). Their
mergers are among the most powerful sources of gravita-
tional waves (GWs) in the Universe, which are expected to
be detected and studied in the coming years by Advanced
LIGO (LIGO Scientific Collaboration et al. 2015), Advanced
Virgo (Acernese et al. 2015), and KAGRA (Aso et al. 2013).
Binary NS mergers are also one of the best candidates
for short gamma-ray bursts (SGRBs, Nakar 2007), which
is supported by their presence in old stellar environments,
non-detection of an associated SN, and large offsets from
their host galaxies (Berger 2014). The two main scenar-
ios for generating the central engine are then the forma-
tion of a strongly magnetized torus around a spinning black
hole (e.g., Popham et al. 1999; Lee & Ramirez-Ruiz 2007;
Rezzolla et al. 2011; Giacomazzo et al. 2013; Ruiz et al.
2016) or the formation of a long-lived magnetar (e.g.,
Usov 1992; Zhang & Me´sza´ros 2001; Metzger et al. 2011;
Giacomazzo & Perna 2013; Rowlinson et al. 2013). In addi-
tion, post merger, binary NSs have been suggested for a va-
riety of electromagnetic transients that have not been conclu-
sively confirmed. This includes the outflow of neutron-rich
material producing a “kilonova” (Metzger 2016, and refer-
ences therein, although see Berger et al. 2013; Tanvir et al.
2013), the spin down of a remnant magnetar produc-
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ing high energy and later radio emission (Nakar & Piran
2011; Piro & Kulkarni 2013; Metzger & Piro 2014), and
fast radio bursts (FRBs) from collapsing supra-massive NSs
(Falcke & Rezzolla 2014). In still other studies, it has
been postulated that post-merger magnetars may be an im-
portant source of ultrahigh-energy cosmic rays (UHECRs,
Piro & Kollmeier 2016).
In all of these scenarios, a critical question is what is
the resulting remnant left over from the binary NS merger.
Roughly speaking, there are three main possibilities (see
Faber & Rasio 2012, and references therein). First, the two
NSs may have sufficiently low masses to merge and just pro-
duce a stable NS. Second, the two merging NSs may have a
combined mass above the maximum possible mass for NSs
and collapse directly to form a black hole (BH). Finally, there
is an in-between case where because of the large amount of
angular momentum present in the binary, the merged rem-
nant has sufficient spin to initially prevent collapse (the supra-
massive NS case). Then, only once the remnant NS losses
angular momentum (for example, though gravitational wave
emission, neutrino driven winds, or magnetic dipole spin
down), it finally collapses to a BH5. The proportion with
which each of these outcomes occur depends on the initial
mass distribution of NS binaries, for which the Galactic sam-
ple is our best estimate (O¨zel et al. 2012; Kiziltan et al. 2013),
and the equation of state (EOS) of matter at ultrahigh den-
sities, which continues to be an outstanding unsolved prob-
lem in high energy astrophysics (Lattimer & Prakash 2001).
Eventually, by comparing the expected distribution of out-
comes for various EOSs with observed samples of events that
are thought to correspond to different outcomes, strict con-
straints should be made on the possible EOSs.
5 There is also the fourth potential case where a remnant NS may be pre-
vented from collapsing for∼ 10−100ms by thermal or differential rotation
effects (the “hypermassive NS” case), but we lump this with the direct col-
lapse to BH scenario for the purposes of this work.
2TABLE 1
EQUATION OF STATE AND MERGER OUTCOME SUMMARY
Equation of state H4 APR4 GM1 MS1 SHT
MaximumMg (non-rotating) 2.01 2.16 2.39 2.75 2.77
MaximumMb (non-rotating) 2.30 2.61 2.83 3.30 3.33
MaximumMg (mass-shedding limit) 2.38 2.58 2.87 3.29 3.33
MaximumMb (mass-shedding limit) 2.70 3.07 3.36 3.89 3.94
Spin period (ms) 0.74 0.53 0.68 0.70 0.72
β = T/|W | 0.108 0.137 0.130 0.134 0.137
Angular momentum (GM2
⊙
c−1) 3.60 4.70 5.68 7.60 7.84
NS remnants (%) 0.1 6.4 44.2 99.5 99.6
Supra-massive NS remnants (%) 23.2 74.3 55.5 0.5 0.4
BH remnants (%) 76.7 19.3 0.3 0 0
NOTE. — All masses are in units ofM⊙, and the spin periods, β, and angular momentum are all at the maximum mass, mass-shedding limit.
In the future, the best way to do this will be by follow-
ing the gravitational waves of binary NSs as they coalesce
and merge. The coalescence will provide an estimate of each
of the NS masses and the post merger signature will probe
the remnant object, either corresponding to BH ringdown if a
BH was promptly made or the vibrations of a remnant NS if
the EOS will allow this (Bauswein et al. 2012). On the other
hand, given the high frequency of the post merger signal, it
may be difficult with the advanced era of gravitational wave
detectors to study this in full detail. Nevertheless, these exper-
iments should still be able to tell whether a BH or NS remnant
formed, which holds important information.
In addition, there may currently be evidence of what the
merger outcome is from the early X-ray afterglows of SGRBs.
Many of these events show an “X-ray plateau” that appears
to come from extended engine activity, which is then fol-
lowed by a rapid drop that has been argued to be too steep
to be explained by an external shock model (Rowlinson et al.
2010). A popular hypothesis for what causes this is that a
supra-massive NS with a magnetar-like field has been created,
which then powers the X-ray plateau until angular momentum
losses cause it to collapse to a BH (Rowlinson et al. 2013;
Lu¨ & Zhang 2014; Lu¨ et al. 2015). If this is the case, then
the proportion of SGRBs with X-ray plateaus should be an
important constraint on EOSs (Gao et al. 2016).
Motivated by these issues, here we theoretically explore the
distribution of NS binary remnant scenarios for a variety of
EOSs. In Section 2, we present relativistic calculations of NS
masses for realistic EOSs and also discuss the importance of
the difference between gravitational and baryonic mass when
deriving the final remnant masses. In Section 3, we describe
our treatment of the NS mergers, including how we incorpo-
rate spin and assess which merger remnants result in supra-
massive NSs. In Section 4, we use Monte Carlo techniques
to merge a population of binary NSs and summarize the pro-
portion of different outcomes. In Section 5, we compare our
results to constraints from SGRBs and discuss the various im-
plications of our work, including the impact on gravitational
wave searches and electromagnetic counterparts. Finally we
conclude in Section 6 with a summary of our results.
2. NEUTRON STAR MODELS
We model the NS structures using the EOSs summarized
in Table 1. These have been chosen to span a representative
range of maximum NS masses, but all with maximum grav-
itational masses & 2M⊙ given current observational limits
(Demorest et al. 2010; Antoniadis et al. 2013). For each of
these EOSs we solve for the hydrostatic structure including
general relativity and compute a grid of NS models span-
ning a wide range of masses. We calculate the structures
for both a non-rotating NS and a maximally rotating NS for
use in treating the merger remnant (further discussed in Sec-
tion 3). For the latter case we assume solid-body rotation be-
cause magnetic breaking eliminates differential rotation on
an Alfve´n timescale of ∼ 10 − 100ms (Baumgarte et al.
2000; Shapiro 2000). All models have been computed us-
ing the LORENE library and in particular its publicly avail-
able codes rotseq and nrotstar. The former can eas-
ily compute sequences of non-rotating NSs, while the latter
has been used to compute equilibrium configurations at the
mass-shedding limit. The different EOSs were imported in
LORENE in a table format either produced by using a piece-
wise polytropic approximation (APR4, Endrizzi et al. 2016;
H4, Kawamura et al. 2016; MS1, Ciolfi et al. 2017), provided
by the EOS authors (SHT, Kastaun et al. 2016), or given
by the Compose project (GM16, Glendenning & Moszkowski
1991; Douchin & Haensel 2001). This large grid of models
gives us for each mass and EOS a relation between the gravi-
tational mass
Mg = 4pi
∫ R
0
er2dr, (1)
where e is the energy density and R is the NS radius, and the
baryonic mass (Shapiro & Teukolsky 1983)
Mb = 4pi
∫ R
0
[
1−
2Gm(r)
rc2
]−1/2
ρr2dr, (2)
wherem(r) is the enclosed mass at a given radius and ρ is the
rest-mass density (both equations refer to non-rotating mod-
els, but similar ones can be derived for rotating models). The
important point is that in general Mb & Mg because of the
gravitational redshift factor.
The main results of these NS model calculations are sum-
marized in Figure 1. We plot the fractional difference between
Mb and Mg for all of the models we have computed includ-
ing both non-rotating and maximally rotating structures. This
demonstrates thatMb can be greater thanMg by ∼ 5 − 20%
with a larger difference for more massive NSs. In addition,
not all EOSs have the same difference for a givenMg. This is
because some EOSs have a smaller radius and thus are more
relativistic (like APR4) than EOSs that give larger radii (like
MS1). In addition, the difference is larger for non-rotating
6 http://compose.obspm.fr/
3FIG. 1.— The fractional difference between the baryonic massMb and the
gravitational massMg as a function ofMg for a range of EOSs. We compare
both non-rotating (upper panel) and maximally rotating (lower panel) config-
urations, demonstrating that Mb can be ∼ 5 − 20% higher than Mg . The
black, dashed line shows Equation (3), an approximation commonly used in
the literature (Timmes et al. 1996).
versus the rotating models, which will be crucial for under-
standing the final gravitational mass of merger remnants once
it has spun down.
A commonly used approximation for the relation between
Mg andMb is (Timmes et al. 1996)
Mb =Mg + 0.075M
2
g , (3)
where each of the masses are in solar units. This is also
plotted in Figure 1 in comparison to our more detailed cal-
culations. This demonstrates that the approximation has the
correct trend, but generally overpredicts baryonic mass, espe-
cially at the mass-shedding limit. It also does not reflect the
variation in this relation for different EOSs and at high spin.
3. TREATMENT OF NEUTRON STAR MERGERS
Using this large grid of NS models we next explore the out-
come when they merge. Consider NSs 1 and 2 with grav-
itational masses Mg,1 and Mg,2, respectively. During the
inspiral, the NSs are not strongly affected by tidal coupling
(Bildsten & Cutler 1992; Kochanek 1992), and thus are not
spun up appreciably. For this reason, their structures dur-
ing this phase are well approximated by our non-spinning NS
models.
Next, gravitational waves remove angular momentum from
the binary until tidal disruption occurs for the lower mass NS.
Assuming Mg,1 > Mg,2, this occurs at a semi-major axis
(Kopal 1959, adding the 10% strong gravity correction from
Fishbone 1973)
at ≈ 2.4R2 (1/q + 1)
1/3
, (4)
where R2 is the radius of the less massive NS and q =
Mg,2/Mg,1. The orbital angular momentum of the binary at
this moment is
Jt=[G(Mg,1 +Mg,2)at]
1/2Mg,2
≈ 6.8 (1/q + 1)
1/3
(
Mg,2
1.4M⊙
)3/2(
R2
10 km
)1/2
GM2⊙c
−1
(5)
This amount of angular momentummust then be incorporated
into the merger remnant unless significant high angular mo-
mentum material is flung away during the merger. In com-
parison, we summarize the angular momentum of our maxi-
mally spinningmodels in Table 1. Accounting for the fact that
(1/q + 1)1/3 & 1.25 in Equation (5), we see that the amount
of angular momentum in the binary at the moment of tidal dis-
ruption always exceeds our maximally rotating models. Thus
it is reasonable to assume that the merger remnant is near the
mass shedding limit.
Given these estimates, our basic strategy is as follows. If we
wish to mergeNSs 1 and 2 with gravitationalmassesMg,1 and
Mg,2, respectively, we first convert these to their respective
baryonicmassesMb,1 andMb,2 using our grid of non-rotating
models. The total baryonic mass after the merger is then
Mb,tot =Mb,1 +Mb,2 −Mlost, (6)
where Mlost is the mass lost from the system during the
merger. In general, this can be due to tidally stripped material,
neutrino driven winds from an accretion disk, and neutrinos
emitted by the hot remnant, but since the amount of mass lost
is expected to be small (Endrizzi et al. 2016), we use a fidu-
cial value of Mlost = 0.01M⊙ for this work. Then, using
ourmaximally-rotatingmodels, we convertMb,tot to the total
resulting gravitational massMg,tot. The motivation for using
the rotating models when doing this conversion is the large
angular momentum in the binary, as discussed above.
In cases where Mb,tot is greater than the maximum Mb at
the mass-shedding limit for a given EOS, we assume that rem-
nant collapses to form a BH. If insteadMb,tot is less than this
maximum, but still above the maximum non-rotatingMb ,we
assume the remnant forms a supra-massive NS. This NS will
only last until it loses sufficient angular momentum to col-
lapse into a BH, potentially via magnetic dipole spin down or
gravitational wave emission. Finally, ifMb,tot is less than the
maximum non-rotating Mb, then a stable NS is expected as
the final product. In these cases with a stable NS, we perform
one additional step of converting theMg in the mass-shedding
limit to the (lower) non-spinningMg, since this will be the fi-
nal mass of the remnant once spin down has occurred.
The most likely angular momentum loss mechanisms are
magnetic dipole spin down and GW emission. Thus the
details of the spin down depend on exactly what magnetic
fields are generated and what ellipticity is present, the latter
of which can be caused by deforming the NS with internal
toroidal magnetic fields. The associated timescales are dis-
cussed in detail in Lasky et al. (2014), who found that any-
where from ≪ 1 s to ∼ 103 s is possible depending on the
exact parameters chosen. In some cases, it has even been ar-
gued that the spin down will proceed in steps to explain the
4plateau in emission in SGRBs (which we discuss further be-
low), as initially GWs spin down the star on a relatively short
timescale to a period of ∼ 10ms, which is then followed
by magnetic dipole emission over the next ∼ 102 − 103 s
(Fan et al. 2013).
In principle another way to spin down the supra-massive
NS remnants could be spin-related instabilities. These are
typically controlled by the parameter β = T/|W |, where
T is the rotational energy and W is the gravitational bind-
ing energy. For β > 0.27, a dynamical bar-mode in-
stability sets in, which leads to mass shedding and spin-
down back to a stable state (e.g., Shibata et al. 2000). For
0.27 > β > 0.14, secular instabilities are possible, which
can be triggered by viscosity and gravitational radiation re-
action (Chandrasekhar 1970; Friedman & Schutz 1978; Lai
2001; Gaertig & Kokkotas 2011). In comparison, our max-
imally rotating models in Table 1 always have β < 0.14,
so neither of these classes of instabilities are expected.
Dynamical shear instabilities may operate for β & 0.01
(Passamonti & Glampedakis 2012; Passamonti et al. 2013),
but this requires differential rotation which is not present in
our models. We conclude that GWs and/or magnetic dipole
emission are the main spindown mechanisms.
4. POPULATION SYNTHESIS RESULTS
Using the procedure outlined in Section 3, we next merge a
population of NS binaries using each of the EOSs to find the
distribution of outcomes. In each case, we use Monte Carlo
techniques to produce 105 binaries where the mass distribu-
tion of the NSs is drawn from the galactic populations, which
is a Gaussian with a mean mass of µ = 1.32M⊙ and standard
deviation of σ = 0.11M⊙ (Kiziltan et al. 2013). This is in
contrast to other studies that attempt to perform the population
synthesis from a more first-principles perspective including
stellar models and binary interactions (e.g., Fryer et al. 2015).
In Figure 2, we summarize the results of these calculations
for each of the EOSs. In each panel we plot the distribution of
initial (on the left) and final (on the right) baryonic masses for
the NS mergers. Even for the initial distributions ofMb there
are subtle differences for each EOS because of the difference
in the conversion of initialMg values (which are all the same)
toMb (as summarized in Figure 1).
The vertical dashed lines in Figure 2 divide each panel into
three regions, showing the criteria that we use to assess the
merger outcome. These are either stable NSs, supra-massive
NSs (labeled “sNS”), or BHs. These critical masses are given
in Table 1 as the maximumMb (non-rotating) and maximum
Mb (mass-shedding limit) rows. From the proportion of rem-
nants in each of these three regions we find the outcome per-
centages, summarized in the bottom three rows of Table 1.
These results demonstrate that even over this limited set of
EOSs, the distribution of outcomes can vary strongly. For H4,
nearly all the mergers eventually make BHs although many
are first supra-massive NSs. At the other extreme, MS1 and
SHT make almost all stable NSs. This indicates that measur-
ing these distributions, for example from SGRB features that
are from one outcome or another, strong constraints should be
placed on the EOS.
Next, in Figure 3 we summarize the corresponding gravi-
tational masses before (left distributions) and after (right dis-
tribution) merger. In this case, we cannot calculateMg in the
cases where a BH is immediately formed, so these instances
are removed from the histograms on the right. This is why
there is only one dividing line between stable NSs and supra-
FIG. 2.— Histograms of the initial (left distribution) and final (right dis-
tribution) baryonic masses of NSs after running 105 binary models. The
different colors correspond to different EOSs as noted in each panel. Vertical
dashed lines indicate boundaries between where the final remnant will either
be an NS, supra-massive NS (labeled as “sNS”), or BH. The percentages of
each of these outcomes is summarized in Table 1.
massive NSs. This line is given by taking the maximum, non-
rotatingMb from Table 1 and converting it toMg in the mass-
shedding, which is not given in the table. Eventually the NSs
on the left of the vertical line will spin down to become stable
NSs. As this occurs, theirMg decreases because they become
more relativistic as their radius shrinks. Therefore the final
distribution of Mg for the stable NSs are shown with dotted
lines. This is further highlighted in Figure 4 to focus on these
distributions.
5. COMPARISONS AND IMPLICATIONS
The distribution of fates we find has a number of impor-
tant connections to SGRBs, other electromagnetic counter-
5FIG. 3.— Similar to Figure 2, but now showing the distribution of gravita-
tional massesMg . In this case, we cannot convert the remnantMb intoMg
if the final outcome is a BH, so these are left out of the final distribution. Fur-
thermore, remnants that are stable NSs will have their Mg decrease as they
spin down. The final, distribution of these, in the limit of zero spin, is shown
with the dotted lines.
parts, gravitational wave signatures, and ultrahigh-energy cos-
mic rays. We discuss each of these below with particular em-
phasis on instances where these observations can be used to
constrain the EOS.
5.1. Short Gamma-ray Bursts
As introduced in Section 1, several mixed pieces of evi-
dence point to the merger of two compact objects in a bi-
nary (NS-NS or NS-BH) as the engine powering SGRBs. In
the cases with a NS remnant, it is often thought that it will
have magnetar-strength magnetic field (∼ 1014− 1015G), ei-
ther generated by an initially weak field amplified by shear
instabilities at the merger interface (Price & Rosswog 2006;
FIG. 4.— The finalMg distribution for the stable NSs following spin down
(the same as the dotted lines from Figure 3). H4 is not shown since it does
not make appreciable stable NSs.
Zrake & MacFadyen 2013) or by an α−Ω dynamo in the sub-
sequent neutrino cooling phase (Duncan & Thompson 1992).
This can then potentially power additional emission via mag-
netic dipole spin down. Indeed, the early observations by the
Swift satellite of extended X-ray plateaus followed by either
power-law decays or rapid decays suggest that some of these
mergers leave behind either a stable NS, or a supra-massive
NS, which powers this emission until it collapses to a BH af-
ter slowing down.
Using such arguments, Gao et al. (2016) analyzed 96
SGRBs observed with Swift between January 2005 and Oc-
tober 2015, and found that 21 require a supra-massive NS, a
fraction of 22%. Our modeling would argue that the EOS H4
matches best with this number. Nevertheless, given the uncer-
tainties in securely identifying whether a supra-massive NS
is needed and the limited number of events, GM1 might also
be possible, and indeed Gao et al. (2016) conclude from their
analysis that GM1 is favored. Interestingly, H4 and GM1 give
very different predictions for the fraction of stable NSs and
prompt BHs.
However, even though we have so far only focused on NS-
NS binaries, it is possible that a fraction of SGRBs is due to
NS-BH mergers as well. Those cases would be added to (and
confused with) the sample of prompt collapse and dilute the
inferred number of supra-massive NSs made from NS-NS bi-
naries. In Figure 5, we plot the fraction of SGRBs that result
in NS and supra-massive NS remnants as a function of the
SGRBs that are due to NS-BH mergers. Quite simply, as the
contribution from NS-BH mergers increase, the others must
go down. The filled circles denote where the other EOS may
match the SGRB constraints. For example, GM1 can get the
observed 22% if ∼ 60% of SGRBs are from NS-BH mergers,
and APR4 could work if ∼ 70% of SGRBs are from NS-BH
mergers. On the other hand, there is no way to produce ap-
preciable supra-massive NSs with MS1 or SHT, so the stiffest
EOSs appear ruled out if the interpretation of these SGRB af-
6FIG. 5.— The merger remnant fraction for SGRBs as a function of the frac-
tion of SGRBs that are from NS-BH mergers. For each EOS, the solid lines
are the fraction of supra-massive NSs and the dotted lines are the fraction of
stable NSs. The black dashed line at 22% is the fraction of supra-massive
NSs as argued by Gao et al. (2016). Filled circles show where we find each
EOS can match this fraction, demonstrating a significant amount of NS-BH
mergers is required in some cases.
terglows is correct.
Although the number of events is lower than in Gao et al.
(2016), in the earlier work by Rowlinson et al. (2013), they
also argue for a significant fraction of NS remnants from
SGRBs. In this case, they conclude that roughly ∼ 64% of
SGRBs form some kind of NS and∼ 30−60% of events form
a supra-massive NS. Similar to what was concluded above,
the best fits are APR4 and GM1, but only if again a signifi-
cant fraction of ∼ 60% of SGRBs are from NS-BH mergers.
5.2. Other Electromagnetic Transients
Although SGRBs are seen and thought to be associated with
NS-NS or NS-BH mergers, there are a number of other elec-
tromagnetic transients possibly associated with these events
(see the review by Metzger & Berger 2012). Many of these
emission mechanisms are more isotropic than the relativis-
tic jet of a SGRB, and thus promising for detection, es-
pecially in the near future with surveys with especially
rapid cadences, such as the Zwicky Transient Facility (ZTF,
Law et al. 2009), the All-sky Automated Survey for Super-
novae (Shappee et al. 2014), or the Large Synoptic Survey
Telescope (LSST Science Collaboration et al. 2009, depend-
ing on the final cadence).
In particular, there are the scenarios that require an NS or
supra-massive NS remnant following the merger. Some ex-
amples include the post-merger pulsar wind nebula that can
produce an optical and X-ray signature on short timescales
of days (Metzger & Piro 2014; Siegel & Ciolfi 2016a,b) and
radio emission on the timescale of months (Piro & Kulkarni
2013). Additionally, radio emission may be possible from
the small amount of material ejected by the merger (∼
0.01M⊙) that is accelerated by the energy input of a mag-
netar, which then interacts with the nearby circumstellar
medium (Nakar & Piran 2011). In any case, given that the
SGRB comparison favors the EOSs H4, APR4, or GM1, this
would argue that these sorts of transients are not uncommon
and that future transient surveys can make important con-
straints on whether these events are occurring. The frac-
tion of SGRBs with radio emission long after the main burst
could be combinedwith our results to constrain the EOS (e.g.,
Metzger & Bower 2014; Fong et al. 2016), although one must
be careful to include that some SGRBs may be NS-BH merg-
ers (see Figure 5). This could help decide which of H4, APR4,
or GM1 is favored since for the combined fraction of NSs and
supra-massive NSs, they give very different results of 23.3%,
80.7%, and 99.7%, respectively.
Another scenario to consider is whether these mergersmake
FRBs, a recently discovered class of transients characterized
by millisecond bursts of radio emission (Lorimer et al. 2007;
Keane et al. 2012; Thornton et al. 2013; Ravi et al. 2015).
One idea for generating these is through the collapse of a
supra-massive NS, which expels its magnetic field as it be-
comes a BH (Falcke & Rezzolla 2014). Given our work here,
it appears that this scenario is quite plausible following a bi-
nary NS merger for many EOSs. Nevertheless, it is probably
difficult for this to produce the majority of FRBs. Even the
highest rate of supra-massive NSs by APR4 will only pro-
duce roughly ∼ 1% of FRBs (Rane et al. 2016; Nicholl et al.
2017). Furthermore, the repeating FRB 121102 (Spitler et al.
2014, 2016; Scholz et al. 2016) cannot be reconciled with
such a scenario where the FRB is generated in a single catas-
trophic event.
5.3. Impact on Gravitational Wave Searches
It is expected with the new generation of gravitational wave
detectors that there will eventually be the detection of bi-
nary NS mergers. From these, observations of relatively
nearby events could help constrain the EOS via the impact
of tidal interactions during the late stages of the merger (e.g.,
Flanagan & Hinderer 2008; Read et al. 2009; Hinderer et al.
2010; Baiotti et al. 2010; Bernuzzi et al. 2012). Since accord-
ing to our analysis a significant fraction of NS mergers will
produce a long-lived NS remnant, we should expect them to
be accompanied by a long-duration post-merger GW signal
that will be important for EOS constraints as well.
When an NS or supra-massive NS is generated, the fre-
quency structure holds detailed clues about the EOS (see
7Dall’Osso et al. 2015; Clark et al. 2016, and referencers
therein) in the range of 1 − 4 kHz. Due to decreased sen-
sitivity of the advanced gravitational wave detectors in this
range, detection of these features will either require especially
nearby events, potential upgrades to these detectors focused at
high frequencies (LIGO Scientific Collaboration et al. 2015;
Miller et al. 2015), or the Einstein Telescope (Punturo et al.
2010; Hild et al. 2011). Alternatively, our work shows that
the actual fraction of outcomes could also be constraining for
the EOS. This would be useful in the case that there is a large
number of events, but their individual post-merger frequency
structures are too low signal to noise to constrain the EOS
from any given single event. This is likely to be expected be-
cause the BH ringdown for this mass range is much too high
for the current generation of GW detectors, while the signa-
ture of an NS remnant might still be observed. By simply
identifying which events formed NSs (and/or supra-massive
NSs) rather than BHs, the proportion of outcomes could rule
out some EOSs using our results as summarized in Table 1.
5.4. Ultrahigh-energy Cosmic Rays
Piro & Kollmeier (2016) argue that rapidly spinning mag-
netars born from NS mergers are a promising site for the
generation of UHECRs (particles with individual energies
exceeding 1018 eV, see reviews by Kotera & Olinto 2011;
Letessier-Selvon & Stanev 2011). This is because the short-
period spin and strong magnetic fields of an NS remnant are
able to accelerate particles up to appropriate energies, and
the composition of material on and around the NS may natu-
rally explain recent inferences of heavy elements in UHECRs.
The low ejecta mass in this scenario (in contrast to UHE-
CRs originating from the centers of supernovae e.g., Arons
2003; Fang et al. 2012; Kotera et al. 2015) also helps the high-
energy neutrino background associated with this scenario to
be below current constraints from the IceCube Observatory
(The IceCube Collaboration 2011; Aartsen et al. 2013).
A critical uncertainty in this work is whether the fate of the
binary NS mergers can explain the detection rate of UHECRs.
For binary NS mergers, Kim et al. (2005) estimates a volu-
metric rate of ∼ 4 × 10−8 − 2 × 10−6Mpc−3 yr−1, which
Piro & Kollmeier (2016) argue could explain the UHECR
rate of ≈ 1043.5 − 1044 ergMpc−3 yr−1 (Waxman 1995;
Berezinsky et al. 2006; Katz et al. 2009; Murase & Takami
2009) if ∼ 10 − 100% of the mergers results in NSs or
supra-massive NSs. In fact, this is accommodated by many
of the models we consider, namely H4, APR4, and GM1.
Furthermore, the high spin of these remnants is especially
important for accelerating particles to the required energies.
Paradoxically, the magnetic field need not be at the highest
strengths possible. This is because a somewhat lower field of
∼ 1013 − 1014G (as opposed to & 1015G) will delay the in-
jection of UHECRs until the surrounding debris has inflated
sufficiently and is less likely to impede the particles from leav-
ing the remnant. Ultimately, the detection of binary NS merg-
ers as GW sources will constrain this rate, so that the viability
of this model for UHECRs can be better tested.
6. DISCUSSION AND CONCLUSIONS
We have investigated the distribution of outcomes for NS
binary mergers by combining relativistic calculations of spin-
ning and non-spinning NS structures for realistic EOSs with
the Galactic binary NS mass distribution using Monte Carlo
methods. This demonstrated that the fate of NS mergers can
vary greatly depending on the EOS, from primarily supra-
massive NSs and prompt BHs for EOSs like H4 and primarily
stable NSs for EOSs like MS1 and SHT. In still other cases, a
fairly even distribution of outcomes is possible.
Perhaps most striking from our results is the non-negligible
fraction of NS or supra-massive NS remnants expected across
all EOSs. At the low end, H4 predicts 23% supra-massive
NSs, but when taking NSs and supra-massive NSs together,
the other four EOSs we consider predict a fraction ∼ 80 −
100%. This means that it will be especially important for fu-
ture GW observatories to be able to probe the high frequency
GW emission in the range of 1−4 kHz to study the frequency
structure of the post-mergerNS or supra-massiveNS remnant.
Even if particular events are too low in signal to noise to study
this frequency spectrum in detail, if the statistics of NS versus
BH remnants can be measured, these proportions can be com-
pared to our results to constrain the EOS.
This means that observations that are sensitive to the ratio
of these various outcomes can be useful tools for constrain-
ing the EOS. In particular, we have discussed the plateau sig-
nature in SGRBs X-ray afterglows. If they require ≈ 22%
of events to result in a supra-massive NS (as argued by
Gao et al. 2016), then potentially H4, APR4, or GM1 can ex-
plain this. Interestingly, if one of these latter two EOSs end
up being correct, then a significant fraction of ∼ 60 − 70%
of SGRBs must be from NS-BH mergers. The inference of
such a large number of NS-BH mergers is exciting given
that there has never been a direct observation of such a sys-
tem. This has a number of important implications. First,
the rate of SGRBs (corrected for beaming, as estimated in
Fong et al. 2012) could be greater than the rate of just bi-
nary NS mergers (e.g., Kalogera et al. 2004), and we may
expect NS-BH mergers to be a significant GW source in the
near future. Next, NS-BH mergers cannot have BH masses
that are too large, otherwise there may not be sufficient ma-
terial for an accretion disk to power the prompt SGRB emis-
sion (. 8−10M⊙, Shibata & Taniguchi 2011; Foucart 2012;
Rosswog 2015, and references therein). This affects the pro-
duction of r-process material from the mergers and the rate
of SGRBs need to produce the observed abundances (for
reviews, see Arnould et al. 2007; Qian & Wasserburg 2007;
Sneden et al. 2008; Thielemann et al. 2011). The luminos-
ity of the radioactive electromagnetic transients from com-
pact mergers (e.g., kilonovae, Metzger 2016) would also be
affected, which will be studied by the upcoming wide field
surveys that are sensitive to short timescale transients (e.g.,
ZTF, Law et al. 2009),
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